Flavin monooxygenases catalyze the insertion of one atom of dioxygen into a variety of substrates (1) . The overall reaction involves three, chemically distinct steps (a-c). Step a is the generation of a reduced flavin (EϳFl red H 2 ), the form that activates dioxygen in step b to form a covalent flavin hydroperoxide [EϳFlH(4a)OOOH]. In step c, the oxygen atom is inserted into a substrate C-H bond (SOH), yielding SOOH.
The flavin-hydroperoxide formed in step (b) is a flavin C(4a) adduct (1). Bruice's laboratory has contributed prominently to the understanding of its formation from O 2 (2) . In the present work we address the chemical mechanism of step (c). At its basis is the reactivity of the flavin-4a-hydroperoxide, a multifaceted functional group that can behave in mechanistically divergent ways [e.g., Baeyer-Villiger-type reactions (3) or generation of excited states in bacterial luciferase (4) ]. In the case of true monooxygenases the distal oxygen is assumed to react electrophilically with the substrate (1) . This is supported by linear free energy-type correlations, which indicate that the flavin C(4a) group behaves as an acid (5, 6) . Studies with fluorinated phenols (7) and theoretical calculations on the reactivity of the peroxide (8) also are consistent with this type of mechanism. However, experimental evidence allowing the unequivocal identification of a specific mechanistic variant for the monooxygenation step has not yet emerged.
Flavin-dependent monooxygenases react specifically with aromatic substrates ''activated'' by the presence of electronrich substituents (OO Ϫ , ONH 2 , OSH) (1). Pteridine-irontype catalysts such as in phenylalanine hydroxylase hydroxylate ''nonactivated'' aromatic substrates (9) . These and heme-type catalysts (P450 hydroxylases) work by the so-called ''NIHshift'' mechanism (10, 11) . In this, the hydrogen atom at the aromatic position to be hydroxylated migrates to an adjacent one in the final product. Whether or not this shift occurs via arene oxide intermediates is still disputed (12) .
With this background we have studied the properties of the flavoprotein 2-aminobenzoyl-CoA monooxygenase͞reductase (ACMR) from the eubacterium Azoarcus evansii. The enzyme is a dimer comprising two 85-kDa chains and containing one FAD cofactor per subunit, i.e., per polypeptide chain (13) . However, the two chains combine asymmetrically to form two centers, each containing one FAD molecule. These centers have markedly different properties, in that the flavins carry out two ''opposite'' types of chemical reactions while acting in sequence on the same substrate (14, 15) . First, the CoA conjugate of anthranilic acid (AB-CoA) is monooxygenated by the ''ACM'' functionality ( Fig. 1A) at position 5, i.e., para to the amino group. Subsequently, the reductase functionality of the enzyme (''ACR'') hydrogenates this intermediate to yield the nonaromatic cyclohexene product AOB-CoA (the CoA conjugate of 2-amino-5-oxocyclohex-1-ene-1-carboxylate) (Fig. 1B) . The transfer of the hydride via FAD occurs stereoselectively from the pro-R site of NADH (C.H. and S.G., unpublished data).
This system partitions (14, 15) : at low concentrations of NADH, path B becomes inefficient; this leads, via rearomatization of the intermediate shown, to production of the probably nonphysiological, aromatic side product 5-hydroxy-2-aminobenzoyl-CoA via path C (14, 15) (Fig. 1) . The salient peculiarity of ACMR is thus that it efficiently traps the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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Abbreviations: ACMR, 2-aminobenzoyl-CoA monooxygenase͞ reductase; ACM, monooxygenase activity of ACMR, or enzyme lacking the reductase activity; ACR, reductase activity of ACMR; AB-CoA, 2-aminobenzoyl-CoA; AOB-CoA, CoA conjugate of 2-amino-5-oxocyclohex- assumed 5-oxo-cyclohexadieneamine intermediate ( Fig. 1 Center), the likely primary product of oxygen insertion.
Based on this we reasoned that this would be an optimal system for the study of the mechanism of oxygen insertion via elucidation of the structure of the final products. We thus have investigated the mode of insertion͞retention of label originating from [4R- 
EXPERIMENTAL PROCEDURES
Growth of Organisms, Enzyme Purification, and Assays. ACMR was isolated from Azoarcus evansii (earlier called Pseudomonas sp. KB740) (16) grown aerobically at 28°C. Minimal medium, anthranilate, was used as the single carbon source (17) . Enzyme purification was done according to refs. 14 and 18, and enzyme activity was done as described in refs. 13 and 14.
Preparation of Labeled Substrates. Sources were 2-aminobenzoic acid (Aldrich); [ring-13 C 6 ]2-aminobenzoate (Deutero, Germany); and [5-2 H]2-aminobenzoate (gift from B. Langkau; ref. 14) . AB-CoA thioesters were prepared enzymatically. A typical reaction mixture contained 10 mmol Tris⅐HCl (pH 8.4), 200 mol MgCl 2 , 50 mol 2-aminobenzoic acid, 100 mol CoA (Waldhoff, Germany), and 100 mol ATP in a total volume of 100 ml. The reaction was started by the addition of AB-CoA synthetase [from A. evansii (19) ] and was incubated at 37°C for 2 h. It then was acidified, and AB-CoA was purified as described earlier (14) . [4R-2 H]NADH was synthesized as will be described elsewhere (C.H. and S.G., unpublished data).
Preparation of AOB-CoA. A mixture containing 500 mol KPi (pH 7.8), 100 mol NADH, 10 mol AB-CoA, and 5.6 units ACMR in a volume of 100 ml was incubated aerobically at 37°C. After 20 min the enzyme was inactivated by the addition of 100 l of 0.1 M methylmethanethiosulfonate (in H 2 O). The mixture then was applied to a Waters Sep Pak C 18 -column (35 ml, 10 g). The column was washed with 40 ml of 5 mM KPi buffer (pH 7.8) and developed with 50% methanol in 5 mM KPi buffer (pH 7.8). AOB-CoA-containing fractions (strong absorption at 320 nm) were pooled and lyophilized. Further purification of AOB-CoA was achieved by preparative HPLC (C 18 , 250 ϫ 20 mm; Waters). Development was achieved by using 4.5 mM KP i (pH 7.8), containing 86% acetonitrile and 9.5% methanol. H NMR spectra). The instrument used was a Bruker DRX 500 spectrometer with four frequency channels, pulsed-field Z-gradient accessory, a lock-switch unit, and ASPECT station. Setup and data processing were done according to standard Bruker software (XWINNMR; Bruker, Billerica, MA).
RESULTS
For the preparation of labeled products, (labeled) AB-CoA was incubated with ACMR in the presence of O 2 and (labeled) NADH, and product formation was analyzed by HPLC. The time of incubation and extent of conversion were optimized for the different conditions because the presence of deuterium label affects both the rates of product formation and its stability. The reaction mixture was subjected to preparative HPLC to yield 1-8 mg of purified products, which then were analyzed by 1 C correlation patterns from two-dimensional total correlation spectroscopy (TOCSY) and heteronuclear multiple bond correlation (HMBC) experiments, are summarized in Table 1 . The 13 C NMR spectrum of the sample obtained from the 13 C-labeled precursor was dominated by six double-doublets ( Fig. 2; coupling constants in the range from 30 to 70 Hz), indicating simultaneous 13 C 13 C coupling to two directly bonded, adjacent 13 C atoms. Thus, the connectivity of the ring carbon atoms in the benzoyl substrate is retained in the enzymatic product. The detected fine splitting of the signals is explained as a result of 13 C 13 C coupling via two or three bonds. The 13 C chemical shifts at 96.9 and 162.6 ppm are compatible with the presence of a CC double-bond in the product. More specifically, they are typical for C-2 and C-1 of an eneamine moiety, respectively (20) . The signal at 218.1 ppm suggests the presence of a keto function. The 1 H NMR signals of the carbocyclic moiety display a singlet at 3.01 ppm [C(6)H 2 ] and two triplets at 2.55 and 2.42 ppm (CH 2 s at C-3 and C-4, respectively) (Fig. 3A) .
The carbon connectivity of the 13 C-labeled ring moiety was established by two-dimensional incredible natural abundance double-quantum coherence transfer experiment (INADE-QUATE) and HMBC experiments and by a detailed analysis of 13 C 13 C coupling constants (Table 1) . INADEQUATE, HMBC, heteronuclear multiple quantum coherence, and TOCSY experiments give no less than 22 different homo-and heterocorrelations between 1 H and 13 C atoms of the cyclic nucleus, establishing the structure as AOB-CoA (Table 1 and Fig. 4 ). This structure has been proposed previously based on the UV͞visible spectra and the chemical properties of the enzyme product (15, 21) . Importantly, and as reported earlier, aerobic incubation of purified, nonaromatic products with ACMR in the absence of NADH leads to formation of aromatic 5-OH-AB-CoA (Fig. 6) (15) . This demonstrates that, in the species investigated, the eneamine C(2) nitrogen has not been hydrolyzed. The compound is stable for several days at 7°C in KP i , pH 7.6. At higher temperatures and at different pH values, degradation yielding unidentified products was observed.
To trace the origin of the hydrogen atoms in AOB-CoA, and to elucidate the mechanism of formation of the latter, ACMR was incubated with the labeled substrates: (a) [ (Fig. 3B) is identical to the spectrum of the nondeuterated sample (Fig. 3A) except for the signal of the hydrogens at C-6. As shown in Fig. 3B , the intensity of the singlet at 3.01 ppm is decreased approximately 3-fold as compared with unlabeled sample. On the other hand, an up-field-shifted satellite signal is observed that displays smaller line widths under 2 H decoupling (Fig. 3C) . The up-field shift of 22 ppb as well as the line-shape modulation by Fig. 3D . Notably, the signal at 2.42 ppm (hydrogen atoms at C-4) is a doublet, indicating scalar coupling to only one hydrogen atom at the adjacent C-3. Moreover, the intensity of the triplet signal at 2.55 ppm (hydrogens at C-3) also reflects the presence of only one ND, not determined; w, weak cross-peak intensity. *Referenced to external trimethylsilylpropanesulfonate; signal multiplicities are indicated in parentheses (s, singlet; d, doublet; t, triplet; m, multiplet; dd, double doublet). † Referenced to external trimethylsilylpropanesulfonate. ‡13 C 13 C coupling constants as determined from 13 C NMR signals of a sample obtained from [ring-13 C6]AB-CoA; coupling partners as determined from INADEQUATE experiments are indicated in parentheses. § Obtained from one-dimensional spectra. ¶ Obtained from one-dimensional 13 C NMR data of deuterated isotopomers. The position of deuteration is specified in parentheses.
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Proc. Natl. Acad. Sci. USA 96 (1999) sample shows a signal at the chemical shift of H-3 (2.5 ppm)be substantiated or excluded by the present data. Whether or not such subspecies occur, the conclusion is inescapable that the monooxygenation process occurs by a migration of hydrogen to the adjacent carbon, most probably via a hydride shift, i.e., by what can be described as an NIH-shift mechanism. This variant has been considered at various occasions, e.g., by Strickland et al. (22) , who did not find label migration with melilotate hydroxylase. As suggested by these authors, this failure could be due to the incorporation of oxygen into an ortho position of the activating group, which leads to obligatory loss of label. In a general context, and to our knowledge, there are no experimental data pertaining to flavin-dependent monooxygenases that would contradict an NIH-shift mechanism.
The success of the present study is due to the fact that the enzyme ACR functionality is set up to trap the intermediate, (Fig. 6 ) into position C(3), is in full agreement with the proposed mechanism. It should be noted that there is no or only negligible loss of label in spite of the fact that the same first is transferred to the flavin position N(5), where it theoretically could exchange with solvent. Absence of exchange of label in flavin-dependent processes, however, has been documented amply in flavin enzymes, the case of D-amino acid oxidase being typical (23) , and is taken as reflecting hindered accessibility of solvent to the active center. Incorporation of solvent-borne label (Fig. 6 ) into position C(4), in turn, is compatible with formulation of the enol form resulting from hydride addition to C(3), as shown. It is intriguing that nature has devised such an efficient trapping. The metabolism of aromatic substrates funnels these toward nonaromatic and acyclic species. This drive to dearomatize substrates probably is the selective force for this unusual event.
Furthermore, the point should be stressed that incubation of purified AOB-CoA with ACMR aerobically and in the absence of NADH leads to the aromatic 5-OH-AB-CoA. This is assumed to proceed by dehydrogenation (i.e., via reversal of the hydrogenation step; Fig. 6 ) (15, 21) . This is a further important argument for the structural identity of AOB-CoA and, in particular, for the absence of hydrolysis of the eneamine under the experimental conditions used.
A survey of flavin-dependent monooxygenases acting on aromatic substrates reveals many mechanistic features in common with ACMR, suggesting the same basic mechanism. The results of analysis of product distribution in the reaction catalyzed by para-hydroxybenzoate hydroxylase by using various fluorinated substrate analogs also is in accordance with an NIH-type reaction (8) . We thus propose that an NIH-shifttype mechanism may be of general relevance for flavinmediated monooxygenations of aromatic compounds.
